In this paper, a long line-shape dielectric barrier discharge excited by a nanosecond pulse and AC is generated in atmospheric air for the purpose of discussing the uniformity, stability and ability of aramid fiber treatment. The discharge images, waveforms of current and voltage, optical emission spectra, and gas temperatures of both discharges are compared. It is found that nanosecond pulsed discharge has a more uniform discharge morphology, higher energy efficiency and lower gas temperature, which indicates that nanosecond pulsed discharge is more suitable for surface modification. To reduce the water contact angle from 96°to about 60°, the energy cost is only about 1/7 compared with AC discharge. Scanning electron microscopy, Fourier transform infrared spectroscopy and x-ray photoelectron spectroscopy are employed to understand the mechanisms of hydrophilicity improvement.
Introduction
Non-thermal atmospheric pressure plasma has been widely studied in many fields, such as volatile organic compounds removal, car exhaust emission control, water purification and textile surface treatment [1] . Dielectric barrier discharge (DBD) is a common approach to generate a large area non-thermal plasma at atmospheric pressure (AP). As an economic, reliable and convenient method compared with conventional chemical processes [2, 3] , DBD has been largely developed for surface modification of textiles in recent years [4] [5] [6] [7] . Particularly, line-plate DBD can generate long line-shape discharge plasma, which is beneficial for treating filamentous polymers. Aramid fiber (AF), as a compound linear chain macromolecule with high modulus, strength, thermal resistance and chemical inertness, and low electrical conductivity [8] , has been extensively applied in advanced composites fields, such as aerospace, armament industry and protective clothing [9] . However, the surface hydrophilic property of AF is poor as a result of the smooth fiber surface, owing to high crystallization [10] . Therefore, it is suitable to modify the AF surface to discuss the efficiency of line-plate DBD treatment.
There are several kinds of discharge modes in DBD, including filament dielectric barrier discharge (FDBD), homogenous dielectric barrier discharge (HDBD) and self-organization pattern. For the filament mode, filament channels with high current and energy densities can damage the surface of textiles. Moreover, discharges take place irregularly in the discharge region, resulting in non-uniform treatment. Therefore, FDBD is not beneficial to textile surface modification. Compared with FDBD, HDBD has a better application prospect in modifying the surface of textiles equably, depending on its advantages of moderate power density, uniform energy distribution, etc.
However, in atmospheric air, influenced by instability of gas discharge, the discharge mode can easily transit into FDBD [11] , which affects the industrial application of DBD to surface modification. In order to obtain a uniform discharge, nanosecond pulse (NP) power is employed to excite DBD. Nanosecond pulsed dielectric barrier discharge (NPDBD) is considered an effective method to prevent the shrinkage of discharge channels and avoid the filament mode in air at AP [12, 13] , attributed to its very high energy efficiency in the production of active species and very low energy cost [14] . Compared with sine AC voltage, the rapid rising time and short pulse duration of pulse voltage lead to energy optimization, and thus the maximum energy input is used to accelerate the electrons to produce active particles instead of gas heating [15, 16] . Because of such advantages, NPDBDs have been used for the surface modification of textiles in many laboratories recently. Shao et al [17] modified the surface of polyimide films using NPDBD in atmospheric air. Yang et al [18] improved the hydrophilic property of polypropylene with NPDBD treatment.
In this paper, we employ NP power and AC power to generate line-plate DBDs at AP in air, respectively. Both discharges are used to treat AF samples and improve their hydrophilic property. The discharge images, waveforms of discharge current and voltage, optical emission spectra (OES) and gas temperatures of plasma are obtained to compare their uniformity and stability. Water contact angles, scanning electron microscopy (SEM), Fourier transform infrared (FT-IR) spectroscopy and x-ray photoelectron spectroscopy (XPS) are employed to discuss their surface modification feasibility.
Experimental setup
The experimental setup for the uniformity and stability study of ACDBD and NPDBD is illustrated schematically in figure 1(a) . It is composed of a plasma generator, a highvoltage power supply, an electrical measurement system and an optical detection system. For the plasma generator, the reactor made of stainless steel is connected to the ground. The line electrode is made of stainless steel with the radius of curvature of the tip being 0.8 mm and the angle of the cross section being 40°. The plate electrode is 120 mm long and 30 mm wide, which is made of stainless steel and covered by a 2 mm quartz plate. The gap distance is kept as 2 mm between the line electrode and the plate electrode. The plasma is generated in the gap excited by bipolar NP power supply or sine AC power supply. The discharge voltage and discharge current are measured using a 1:1000 high-voltage probe (Tektronix P6015A 1000×, 3.0 pF, 100 MΩ) and current probe (Pearson Current Monitor, Model 4100), respectively. The waveforms of voltage and current are displayed and stored on an oscilloscope (Tektronix MDO3034, 350 MHz). For the optical detection system, a convergent lens is placed in front of the optical fiber, in order to focus the emission light into the optical fiber. The head of the optical fiber is fixed on a 3D displacement table, which can be adjusted in the vertical and horizontal directions. The spectral light emitted from DBD plasma passes through the optical fiber and enters into a grating monochromator (Andor SR-750i, grating groove is 2400 mm −1 , glancing wavelength is 300 nm). After diffraction at the grating, the output spectral light is converted into a digital signal by CCD and recorded in a computer. The discharge parameters are kept as 2 mm electrode gap distance, 26 kV applied voltage, 10 kHz driving frequency for ACDBD, and 2 mm electrode gap discharge, 26 kV pulse peak voltage, 150 Hz pulse repetition rate for NPDBD. Figure 1(b) shows discharge images of ACDBD and NPDBD, which are both shot by a digital camera (Canon 70D) with the same discharge time overlap, respectively.
In our experiment, the AF samples are poly-p-phenylene terephthamide fibers (Kevlar 49, 200 g m −2 ) produced by DuPont Company. Before the treatment, the AFs are immersed in acetone for 3 h, then cleaned with acetone by an ultrasonic cleaner for 30 min, and finally air-dried. The samples are cut into 150 mm per segment and fixed on the middle of the quartz plate before plasma treatment. After the treatment, the water contact angles of AF before and after surface modification by NPDBD or ACDBD are measured by a contact angle measuring system (Powereach JC2000D2) using the sessile drop method. Each contact angle is the average value of 10 tests to decrease the measurement error. The surface morphologies of the samples are observed by field emission SEM (Hitachi S-4800). In addition, an FT-IR spectrometer (Nicolet iS10, spectral range is 350-7800 cm −1 , spectral resolution is better than 0.4 cm −1 ) which is coupled with attenuated total reflectance (ATR, Nicolet Smart iTX), as well as XPS (Thermo ESCALAB 250Xi) with an Al Kα x-ray source are employed to detect the chemical group changes of AF sample surfaces. Figure 2 shows the spatial resolution of discharge intensity in a localized region of ACDBD and NPDBD, respectively. The images are obtained by a digital camera in a macro time scale, which are both about 150 times discharge overlap, and then analyzed by MATLAB code. From figure 2(a), it is clear that ACDBD has obvious bright filamentous channels, which occur randomly in the discharge region. Between the discharge filaments, there are dark areas where almost no discharge occurs. NPDBD is more uniform than ACDBD. Although the brightness of discharge is not exactly the same, no filament can be distinguished in the whole discharge region. In figure 2(b), discharge intensity indicated by a numerical value is varied with horizontal positions in different vertical positions. The discharge channels of ACDBD are stronger and narrower near the line electrode but become diffuse near the plate electrode. The intensity and width of discharge channels are different and uncertain at different horizontal positions. The intensity of NPDBD fluctuates in a small range at the same vertical positions, and generally equalizes and becomes stronger near the plate electrode.
Results and discussion

Morphological and electrical features of ACDBD and NPDBD
In order to understand the breakdown mechanisms of both ACDBD and NPDBD, the waveforms of voltage and discharge current about sine ACDBD and bipolar NPDBD are shown in figures 3(a) and (b), respectively. For ACDBD, it is obvious that the current waveform is a typical filament discharge waveform. Irregular and random discharges occur with the rise of voltage, and the peak current is in the range of about 10-60 mA. Compared with ACDBD, the current waveform of NPDBD is regular and has good repeatability, which indicates that the gas breaks down synchronously in the whole discharge region, and thus NPDBD is more beneficial to generate uniform and stable plasma. The waveforms of positive and negative pulse are similar except they have the opposite polarity. During one single pulse time, a primary discharge occurs at the first peak of pulse voltage, with the peak current higher than 30 A. The peak current of NPDBD is thousands of times higher than ACDBD, which means that the instantaneous power of NPDBD is far greater than ACDBD.
The power density of DBD plasma can be calculated by the waveforms of voltage and current [19] [20] [21] . Dong et al [19] obtained the power density of ACDBD using Lissajous figures:
where C is the capacitor connected in series, which is about 16.4 nF in our study, U C is the voltage of the capacitor. The voltage of the discharge U t ( ) is:
So the instantaneous power is:
The power density of ACDBD is obtained by dividing the average power by discharge area s, as follows:
For NPDBD, Liu et al [21] divided the measured total current I t t,a ( ) into two terms: discharge current I t p,a ( ) and displacement current I t : v,a ( )
C DBD is the dielectric capacitance and U a is the applied voltage. The instantaneous input power into the DBD is: and the instantaneous power consumption of the discharge in the gap is:
d g are the voltage across the discharge, the dielectric constant of the dielectric barrier, and the distances of the dielectric and gas gap, respectively. Then, the power density of NPDBD is calculated by integrating the instantaneous power of the discharge in unit time, and dividing by the area of plasma.
According to equations (1)- (8), the power density of ACDBD and NPDBD is obtained. It is about 1.58 W cm −2 for ACDBD with a 2 mm electrode gap distance, 26 kV applied voltage and 10 kHz driving frequency. However, the power density of NPDBD is only about 0.06 W cm −2 with 2 mm electrode gap distance, 26 kV pulse peak voltage and 150 Hz pulse repetition rate, which is about 1/26 compared with that of ACDBD.
Emission spectra and gas temperature of ACDBD and NPDBD
The OES in the range of 300-450 nm emitted from ACDBD and NPDBD are shown in figure 4 . In order to compare ACDBD with NPDBD, the spectra are normalized with the emission intensity of N 2 (C in NPDBD. According to Kozlov et al [22] , Gherardi et al [23] and Panousis et al [24] , checking the emission intensity of N 2 + B X 2 u 2 g
S  S
+ + ( )is a safe way to confirm the existence of a streamer channel in the discharge. Thus, NPDBD is much more uniform than ACDBD at AP in air.
The OES of N 2 (C 3 Π u →B 3 Π g , Δν=−2, 373-381 nm) simulated by SPECAIR [25, 26] are compared with the experimental one to acquire best-fitted spectra in figure 5 . By this method, the rotational temperature of plasma can be determined. In AP plasma, the translational temperature is often considered as the gas temperature and is assumed to be close to the rotational temperature, because the rotational relaxation time is fast [27, 28] . Therefore, the gas temperatures of ACDBD and NPDBD are approximately equal to the rotational temperature of N 2 . That is to say, the gas temperature of NPDBD is 340±10 K, and it is much lower than the gas temperature of ACDBD, which is 460±10 K.
To study the thermal stability of discharges, gas temperatures varied with discharge duration time in ACDBD and NPDBD are shown in figure 6 . Compared with ACDBD, the gas temperature of NPDBD has an excellent time stability. It maintains about 340 K throughout the whole process of discharge, and rarely changes with increasing discharge duration time. However, it is obvious that ACDBD is thermally instable and increases over time. At the beginning of discharge, the gas temperature of ACDBD is 460±10 K, but it grows up to 550±10 K 10 min later.
In AP plasma, heat losses and inelastic collisions between heavy particles are the main reasons for gas temperature changes. For ACDBD, the continuous wave and the slow rising time of voltage lead to energy applied to heating the gas. Thus, the gas temperature is higher and rises with increasing discharge time. Compared with ACDBD, because the voltage of NPDBD has a rapid rising time (about 20 ns), more energy input is employed to accelerate the electrons and generate active particles, instead of heating the heavy particles. On the other hand, the discharge duration time in each discharge period is too short (about 50 ns) to transit into a local thermal equilibrium state, and the gas is sufficiently cool in the discharge region [18] . Therefore, the gas temperature of NPDBD is more stable and keeps almost constant with increasing discharge time. From the above, NPDBD has less thermal injury and better application prospects in the surface modification of AF than ACDBD depending on the advantages of low gas temperature and high efficiency in generating active particles.
Hydrophilic property improvement of aramid fiber
To discuss features of improving AF's hydrophilic property by ACDBD and NPDBD, different energy densities excited by ACDBD and NPDBD are employed to modify the surface of AF samples. Figure 7 (a) shows images of AF samples' water contact angles captured by a contact angle measuring system. AF samples are treated by NPDBD with different energy densities: untreated, 1.79 J cm −2 , 3.59 J cm −2 and 7.18 J cm −2 . It can be seen that NPDBD treatment improves the hydrophilic property of AF efficiently. The effects of energy density on the water contact angles of AF samples treated by ACDBD and NPDBD are shown in figure 7(b) . According to figure 7(b) , both ACDBD and NPDBD can decrease the water contact angles of AF samples, but the energy cost of NPDBD is lower. When the energy density of ACDBD increases from 0 to 23.7 J cm −2 , the contact angle of AF samples declines from 96°to about 61.5°, and then it fluctuates from 60°to 67°. For NPDBD, it has a more significant effect on the decrease of contact angle than ACDBD. To reduce the contact angle of AF from 96°to about 58.5°, the energy cost of NPDBD is only 3.59 J cm −2 , which is about 1/7 compared with ACDBD. When the energy density is up to 3.59 J cm −2 , the contact angle remains in the range of 57°to 60°. Besides, the contact angles are generally equal in each measurement when the AF is treated by NPDBD, but contact angle errors are bigger in ACDBD. Therefore, Figure 5 . Experimental and simulated emission spectra of N 2 (C 3 Π u →B 3 Π g , Δν=−2) from ACDBD and NPDBD. Figure 6 . Effects of discharge duration time on plasma gas temperatures in ACDBD and NPDBD.
NPDBD requires less energy and the effect is more prominent in surface modification than ACDBD. The ageing of AF samples treated by ACDBD and NPDBD are studied. The samples are treated by ACDBD with the energy density of 47.5 J cm −2 , and NPDBD with the energy density of 3.59 J cm −2 , respectively, and then are stored in an airtight container full of air at room temperature. The water contact angles of samples varying with storage time are measured and shown in figure 8 . It can be seen that the contact angles have an obvious increase in the first 24 h, and then increase slowly until 96 h. This phenomenon can be explained by the loss of the volatile oxidized group on the sample surface [29, 30] . After plasma treatment, amounts of oxygen-containing groups are introduced on the surface of AFs, and some low molecular weight volatile groups will separate from the sample surface with increasing storage time. Additionally, not only at the beginning but also at the end, the contact angles of AFs treated by NPDBD are smaller than AFs treated by ACDBD, which can also indicate that NPDBD is more effective than ACDBD for AF treatment.
Surface morphology and chemical analysis
There are two main processes by which plasma treatment can decrease contact angles, which are roughness increasing of the AF surface and chemical groups changes of the AF surface. To observe the surface structure of AF samples, a series of SEM images is also studied, illustrated in figure 9 . The magnifications in the main images are 10k×and in the thumbnail images are 2k ×. . From the control sample, it can be seen that the surface of AF is smooth before treatment. When the energy density is 15.8 J cm −2 , the sample becomes uneven and bulges appear on the surface, and the bulges become larger and more obvious after the energy density increases to 47.5 J cm , respectively. When the energy density is 35.9 J cm −2 , damage occurs on the fiber including the surface peeling off.
In AP plasma, heavy particles collide with the atoms and groups of the AF surface, and these collisions remove volatile compounds from AF. Therefore, the roughness of the surface increases, and it is an important factor for decreasing the contact angle. However, surface damage attributed to excess energy density input is the main reason for samples damage. Because the gas temperature increases with the discharge duration time in ACDBD, the damage is more severe, and ablations appear on the AF surface. The etch reacted by NPDBD distributes more uniformly than ACDBD, owing to the better uniformity of NPDBD, and thus the errors of water contact angles treated by NPDBD are smaller than those treated by ACDBD.
Chemical bond changes of the AF surface, which are shown in figure 10 , are investigated by ATR FT-IR spectra in and treated by NPDBD with 3.59 J cm −2 , respectively. From the FT-IR spectra, it is obvious that the C=O stretching vibration peak is at 1632 cm −1 , N−H in-plane bending vibration peak is at 1536 cm −1 , C=C stretching vibration peak is at 1513 cm −1 , C-N stretching vibration peaks are at 1396 cm −1 and 1304 cm −1 , and C−H out-of-plane bending vibration peak is at 815 cm −1 . The absorbent peak at 815 cm −1 is used as a normalizing factor because of its highest absorbance. According to the differential spectra, the peaks of N-H and C-N decrease after treatment both in NPDBD and ACDBD. The reason is that the amide groups are decomposed by the collisions of active particles, e.g. N 2 (C), N 2 + (B) and OH, which are produced by the dissociation, excitation and , and ultraviolet irradiation. However, the increase of the C=O peak indicates that the oxidation occurs on the terminal groups after the fracture of the C−N bond [32] . In addition, the striking decline of the C=C peak might be caused by the combined effects of amide groups decomposition and the different chain conformation of the benzene ring between skin and core of the AF samples [33, 34] . The increase of the C=O bond and the decrease of the C=C bond work together to improve the hydrophilic property of AF, attributed to the hydrophilicity of the carbonyl group and the hydrophobicity of the phenyl group, respectively. To analyze the chemical compositions of the AF surface quantitatively, XPS of AF samples are also measured, and the result is given in table 1. After either ACDBD or NPDBD treatment, carbon content decreases while the content of oxygen increases, and the change of nitrogen is unobvious. The carbon-containing groups on the surface of AF samples are obtained by XPSpeak software, which compares the simulated C1s spectra with experimental data. The best-fitted curve about untreated AF samples is shown in figure 11 , and the content of relative groups is given in table 2. It is found that the content of C−O increases and O=C−O is introduced after plasma treatment. However, there are more C−C oxidized by ACDBD while more O=C−N oxidized by NPDBD.
Conclusion
In conclusion, a long line-shape DBD is generated in air at AP excited by NP power and AC power. Compared with ACDBD, NPDBD has more uniform and stable discharge, lower energy cost and lower gas temperature, and it is more appropriate for surface treatment application. The gas temperature of NPDBD is about 340 K, and remains steady during 10 min. However, the gas temperature of ACDBD under similar experimental conditions is about 460 K, and grows up to about 550 K after 10 min. When the energy density of ACDBD is 23.7 J cm −2 , the water contact angle of AF samples declines from 96°to Figure 11 . Experimental and simulated C1s spectra of untreated AF samples. . The contact angle decline mainly results from the roughness increase of the AF surface, as well as the increase of C=O and O=C−O, and the decrease of C=C, C−N and O=C−N on the AF surface.
